The ketocarotenoid astaxanthin (3,3Ј-dihydroxy-4,4Ј-diketo-␤-carotene) is a high-value carotenoid used as a feed supplement for fish aquaculture and as pigmentation source for egg yolk (Boussiba et al., 1992; Lorenz and Cysewski, 2000) . As well as this use, a beneficial role of astaxanthin as a food supplement for humans is becoming evident. Thus, it was shown that astaxanthin possesses a higher antioxidant activity when compared with ␤-carotene and ␣-tocopherol and reveals a strong activity as inhibitor of lipid peroxidation (Miki, 1991; Mortensen et al., 1997) . Beneficial effects of astaxanthin, such as the reduction of gastric inflammation and bacterial load in H. pylori-infected mice and humans, the prevention of age-related macular degeneration, the reduction of risk of arteriosclerosis, and the prevention of carcinogenesis are currently under examination (Tanaka et al., 1994; Bennedsen et al., 1999; Lorenz and Cysewski, 2000) .
Astaxanthin biosynthesis has been observed in a limited number of organisms, e.g. in some marine bacteria, in the yeast Phaffia rhodozyma, and in some green algae (Johnson and Schroeder, 1995) . The unicellular green alga Haematococcus pluvialis reveals the highest astaxanthin accumulation (up to 4% by dry weight) and seems to be the most suitable source for natural astaxanthin (Boussiba, 2000) . The physiology of astaxanthin accumulation in H. pluvialis, which occurs in response to various environmental stress conditions such as high-light intensities, nitrogen and phosphate limitations, and salt stress has been intensively studied (Kobayashi et al., 1993; Boussiba et al., 1999; Boussiba, 2000) . The biosynthesis of astaxanthin is normally accompanied by a morphological change of the vegetative cells into non-motile cyst cells in which astaxanthin was shown to accumulate in the cytoplasm (Santos and Mesquita, 1984) . At present, the role of astaxanthin accumulation in H. pluvialis is not well understood and various beneficial effects such as photoprotection and protection against oxidative stress have been discussed (Yong and Lee, 1991; Kobayashi et al., 1997) .
The biosynthesis of astaxanthin starts with the condensation of two geranylgeranyl diphosphate molecules to form phytoene ( Fig. 1; for review, see Cunningham and Gantt, 1998) . Four desaturation reactions lead to the synthesis of lycopene followed by two cyclization reactions for the biosynthesis of ␤-carotene. The conversion of ␤-carotene into astaxanthin in H. pluvialis is carried out by two enzymes, ␤-carotene ketolase and carotenoid hydroxylase. The H. pluvialis genes coding for ␤-carotene ketolase and carotenoid hydroxylase were isolated, and the gene products have already been studied to some extent (Kajiwara et al., 1995; Lotan and Hirschberg, 1995; Breitenbach et al., 1996; Linden, 1999) .
Although some of the biosynthesis genes have been cloned, the molecular basis of astaxanthin biosynthesis regulation in H. pluvialis has not been thoroughly investigated to date. In two recent studies, the ex-pression of several carotenoid genes during the induction of astaxanthin biosynthesis by light was examined (Sun et al., 1998; Grü newald et al., 2000) . However, in both studies the induction of gene expression was examined in flagellate cells, whereas massive accumulation of astaxanthin occurs during cyst cell formation.
The aim of the present study was to gain insight into the molecular basis of stress-induced astaxanthin accumulation in H. pluvialis. The gene expression of two key enzymes of astaxanthin biosynthesis in H. pluvialis was investigated. The application of various environmental stress conditions resulted in increased steady-state levels of both phytoene synthase and carotenoid hydroxylase mRNAs. We conclude that H. pluvialis is capable of responding to stress conditions by the differential regulation of mRNA steadystate levels of carotenoid biosynthesis genes.
RESULTS

Isolation and Amino Acid Sequence of Phytoene Synthase from H. pluvialis
To examine the expression of a carotenoid biosynthesis enzyme involved in the first specific step of carotenogenesis, an H. pluvialis phytoene synthase (EMBL GenBank accession no. AF305430) cDNA was isolated by functional complementation in Escherichia coli. Thus, the plasmid DNAs from a cDNA library prepared from red cyst cells were introduced into E. coli carrying plasmid pACCAR25⌬crtB (Misawa et al., 1990) . The plasmid harbored several carotenoid biosynthesis genes from Erwinia uredovora but lacked a functional phytoene synthase gene. Upon cotransformation with the H. pluvialis cDNA library, three yellow colonies were identified out of approximately 70,000 colonies that revealed an E. coli color. The corresponding plasmids were isolated, and it was shown by DNA sequencing that all three cDNA inserts represented the same gene (data not shown).
The longest cDNA was used further for complementation experiments and DNA sequencing. HPLC analysis of carotenoid pigments from the yellow transformant was carried out (Fig. 2) . The yellow transformant accumulated zeaxanthin and several zeaxanthin glycosides, whereas the control carrying only plasmid pACCAR25⌬crtB did not reveal any colored carotenoids (Fig. 2, A, B , and E). Cotransformation of the cDNA with plasmid pACCRT-E, which carried the geranylgeranyl diphosphate synthase gene from E. uredovora, resulted in the accumulation of phytoene (Fig. 2, C and F) . Sequence analysis of the entire cDNA insert was carried out, and one open reading frame was identified (data not shown). An alignment of the predicted open reading frame with other known phytoene synthases revealed high overall sequence similarity to the higher plant enzymes and the phytoene synthase of the cyanobacterium Synechocystis PCC 6803 (51%-54% identity; data not shown). When compared with bacterial phytoene synthases, the H. pluvialis enzyme revealed an N-terminal extension indicating the presence of a chloroplast targeting sequence.
Phytoene Synthase and Carotenoid Hydroxylase Show Higher Steady-State mRNA Levels in Response to Various Stress Conditions
The expression of the phytoene synthase and carotenoid hydroxylase genes was examined by northernblot analysis using the respective cDNAs as probes. To gain information about the post-translational effects of the various stress conditions, the amount of accumulated astaxanthin was determined. In addition, the percentage of cyst cell formation was monitored by microscopic examination (Table I) . No transcript for carotenoid hydroxylase could be detected after growth for 4 d under a dark/light cycle and low-light conditions (Fig. 3A , lane 1). In contrast, the phytoene synthase was shown to be expressed at low levels under these conditions (Fig. 3B , lane 1). When growth was continued for an additional 72 h under the same conditions, no increase in steady-state mRNA levels was observed for either gene (Fig. 3 , A and B, lanes 2-5). In addition, neither astaxanthin accumulation nor cyst cell formation was observed (Table I) .
Addition of sodium acetate and ferrous sulfate and increasing the light intensity resulted in a strong increase in steady-state mRNA levels of both the carotenoid hydroxylase and phytoene synthase (Fig. 4, A and B) . The induction of phytoene synthase transcript was already detectable after 4 h, whereas
Figure 2. Heterologous complementation of H. pluvialis phytoene synthase in E. coli. The HPLC analyses of E. coli carotenoids following the cotransformation of H. pluvialis phytoene synthase gene together with either pACCAR25⌬crtB or plasmid pACCRT-E are shown in A and C, respectively. HPLC separations of carotenoid pigments extracted from E. coli cells carrying either the complementation plasmids pACCAR25⌬crtB or pACCRT-E are shown in B and D. In addition, the absorption spectra of peaks 1 through 4 (zeaxanthin and zeaxanthin glycosides) as well as the spectrum of peak 5 (phytoene) are shown in E and F. carotenoid hydroxylase transcripts became detectable 8 h after the onset of stress conditions (Fig. 4A , lane 3; Fig. 4B , lane 2). The highest transcript levels of carotenoid hydroxylase were found at 24 to 48 h, and the steady-state mRNA levels decreased at 72 h after induction (Fig. 4A , lanes 5-7). A similar pattern was observed for phytoene synthase, although the higher transcript levels were sustained from 24 to 72 h (Fig.  4B , lanes 5-7). At the same time astaxanthin started to accumulate, reaching 13.5 mg g Ϫ1 dry weight after induction for 72 h (Fig. 4D ). At this time most of the cells were present as cysts cells (Table I) . When the cells were grown in the presence of sodium acetate and ferrous sulfate under low illumination, the increase in steady-state levels of phytoene synthase and carotenoid hydroxylase transcripts was delayed, and highest transcript levels were found at 48 h after induction (Table I ). The lower light intensities also resulted in a lower astaxanthin accumulation of 4.7 mg g Ϫ1 dry weight and a decreased percentage of cyst cell formation (approximately 25%). In the presence of sodium acetate only and under low illumination, a high but delayed expression of phytoene synthase and carotenoid hydroxylase genes was observed (Table I) .
Addition of either sodium acetate or sodium chloride and growth under high-light intensities resulted in a strong increase in steady-state mRNA levels of both genes and in the accumulation of astaxanthin of 9.5 and 7.8 mg g Ϫ1 dry weight, respectively (Table I) . Growth in the presence of either sodium chloride or sodium acetate also resulted in encystment with more than 80% of cyst cells formed after 72 h of induction.
Phytoene Synthase and Carotenoid Hydroxylase Show Increased Gene Expression in Response to High Illumination
The regulation of transcript levels of carotenoid hydroxylase and phytoene synthase were examined following the induction by higher light intensities (125 mol m Ϫ2 s Ϫ1 , Fig. 5 ). For carotenoid hydroxylase, a maximal induction was found at 12 h following the onset of high light (Fig. 5A, lane 2) . The induction pattern was transient and the carotenoid hydroxylase mRNA was not detectable after 72 h of high-light illumination (Fig. 5A, lanes 3-5) . Phytoene synthase only revealed a minor increase with highest transcript levels after 12 h of high light (Fig. 5B, lane  2) . The mRNA levels always seemed to be elevated thereafter when compared with transcript levels prior to high-light exposure (Fig. 5B, lanes 1-5) . The induction by high light resulted in an astaxanthin production of approximately 6 mg g Ϫ1 dry weight after 72 h of high light (Fig. 5D ). The high-light treatment did not lead to the formation of non-motile cyst cells (Table I ).
The Involvement of Reactive Oxygen Species in the Up-Regulation of Carotenoid Biosynthesis Genes
To examine a possible effect of ROS on the expression of phytoene synthase and carotenoid hydroxylase, methyl viologen was added to H. pluvialis cultures grown under high-light conditions (Table I ). The expression pattern of carotenoid hydroxylase and phytoene synthase induction reflected the kinetics observed following the induction by high light only (Fig. 5) . In addition, the accumulation of astaxanthin, with a maximum at approximately 6.5 mg g Ϫ1 dry weight, was similar in both experiments (Table I) . Whereas methyl viologen leads to the formation of the superoxide anion radical, Fe 2ϩ seems to result mainly in the formation of the hydroxyl radical (Halliwell and Gutteridge, 1989) . Nevertheless, the same results were obtained for the steady-state mRNA kinetics using Fe 2ϩ (Table I) . Furthermore, neither the addition of methyl viologen nor the supplementation with Fe 2ϩ led to the formation of cyst cells (Table I) .
Up-Regulation of Carotenoid Hydroxylase and Phytoene Synthase Is Independent of De Novo Protein Biosynthesis
When the protein biosynthesis inhibitor cycloheximide was added prior to the application of stress conditions, the induction of carotenoid hydroxylase and phytoene synthase was still detected ( Table I ). The expression of both genes revealed similar kinetics and transcript quantities for the first 24 h of induction when compared with the induction observed without the addition of cycloheximide (Fig. 4,  A and B) . However, astaxanthin biosynthesis and the formation of cyst cells were inhibited under these conditions ( Table I) .
The effect of the photosynthetic electron transport inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) on gene expression was investigated. Following the addition of DCMU, the light induction of carotenoid hydroxylase was abolished and basal expression levels were observed for phytoene synthase (Table I) .
DISCUSSION
Here we report the isolation of a new carotenoid biosynthesis gene from the unicellular alga H. pluvialis. It was shown by sequence similarities with phytoene synthases from other organisms, as well as by functional complementation in E. coli, that this gene codes for phytoene synthase (Fig. 2) . Whereas phytoene synthase is involved in the early steps of the general carotenoid biosynthetic pathway, the previously described carotenoid hydroxylase gene is involved in the final steps of astaxanthin synthesis (Linden, 1999) . With these two gene probes at hand, we addressed several important questions concerning the stress-induced astaxanthin biosynthesis in H. pluvialis.
First of all, we showed that the mRNAs of both carotenoid hydroxylase and phytoene synthase are up-regulated in response to various stress conditions. Together with published reports on the up-regulation of phytoene desaturase, ␤-carotene ketolase and isopentenyl diphosphate isomerase, these results suggest that the regulation of carotenoid gene transcript levels plays an important role in the stress response of H. pluvialis (Sun et al., 1998; Grü newald et al., 2000) . A second question addressed was the involvement of the various stress factors in the up-regulation of transcript levels of the two carotenoid biosynthesis genes examined. The addition of sodium acetate and Fe 2ϩ and growth under high light, which was reported to bring about the highest astaxanthin production, also led to a strong induction of steady-state mRNA levels for both genes (Fig. 4) . Sodium acetate could be replaced by sodium chloride in the induction of carotenoid genes (Table I ). This finding indicated that the effect of sodium acetate on carotenoid gene expression is the result of salt stress and is not due to an increased carbon/nitrogen ratio as suggested previously (Kakizono et al., 1992) . The application of higher light intensities only resulted in a moderate induction of gene expression, which revealed a transient induction pattern in the case of carotenoid hydroxylase (Fig. 5) . The same induction patterns were identified following the addition of methyl viologen and Fe 2ϩ under high-light conditions (Table I ). It has previously been observed that ROS-generating compounds such as Fe 2ϩ , methyl viologen, and methylene blue resulted in increased astaxanthin accumulation, which led to the hypothesis that the stress response in H. pluvialis may be mediated by ROS (Kobayashi et al., 1993; Fan et al., 1998; Boussiba, 2000) . However, the results presented here suggest that ROS generators are not involved in the transcriptional regulation of phytoene synthase and carotenoid hydroxylase. In corroboration of this finding, previous reports showed that the effect of Fe 2ϩ on astaxanthin accumulation is independent of de novo protein biosynthesis, and the authors suggested a function of ROS at the post-translational level (Kobayashi et al., 1993) .
Another important feature is the interrelation between cyst cell formation, accumulation of astaxanthin, and the up-regulation of the carotenoid biosynthesis genes. Astaxanthin accumulation occurred in flagellate cells in response to higher light intensities, which seems to be a consequence of the moderate and transient up-regulation of carotenoid biosynthesis genes under these conditions (Table I, Fig. 5; Grü newald et al., 1997) . This induction pattern can be interpreted as an acclimation process to higher light conditions, which occurs within 1 d of the increase in irradiance (Hagen et al., 2000) . However, increased production of astaxanthin was coupled with the formation of non-motile cyst cells (Table I) . Growth under illumination with high light only, or high light plus either Fe 2ϩ or methyl viologen, did not support the formation of cyst cells. On the other hand, high light in combination with salt stress seemed to be indispensable for the formation of cyst cells, whereas the application of salt stress only led to a moderate encystment. Under the latter conditions, the upregulation of carotenoid hydroxylase and phytoene synthase transcript levels was shown to be delayed in comparison with the induction by sodium acetate and high light (Table I) . Therefore, the strong upregulation of mRNA levels in response to high light and salt stress seems to result from the additive effects of the respective stress conditions (Fig. 4) . In addition, higher levels of expression of the two carotenoid biosynthesis genes in response to stress were shown to be independent of de novo protein biosynthesis. In contrast, the inhibition of photosynthesis abolished the high-light-induced up-regulation of carotenoid hydroxylase and phytoene synthase (Table I) . This result indicates that the light-induced expression of these carotenoid biosynthesis genes may be under photosynthetic control.
In conclusion, H. pluvialis appears to be capable of responding to various stress conditions in different ways. Whereas high light leads to a transient response and to moderate accumulation of astaxanthin, the combination of various stress conditions such as high light and salt stress is obligatory for encystment and the strong up-regulation of carotenoid genes. 5 cells per mL was determined after additional growth for 72 h under standard culture conditions. Growth was performed in 200 mL of basal medium in 500 mL of Erlenmeyer flasks without aeration, and cultures were shaken manually once a day. For induction of astaxanthin biosynthesis, various supplements were added and cultures were shaken continuously (Kobayashi et al., 1993) . Sodium acetate and FeSO 4 were used at a final concentration of 45 mm and 450 m, respectively. The translational inhibitor cycloheximide (final concentration 100 ng mL Ϫ1 ) as well as the inhibitor of photosynthesis DCMU (final concentration 20 m) were added 2 h prior to the induction of astaxanthin biosynthesis. The reactive-oxygen-generating reagent methyl viologen was used at a final concentration of 10 Ϫ11 m. For high-light treatment, growth of H. pluvialis was performed at 125 mol m Ϫ2 s Ϫ1 of continuous light according to Kajiwara et al. (1995) .
MATERIALS AND METHODS
Hematococcus pluvialis
For analysis of carotenoids, cultures of Escherichia coli JM101 containing different plasmids were grown in LuriaBertani medium at 28°C for 48 h and ampicillin (50 g mL Ϫ1 ), chloramphenicol (30 g mL Ϫ1 ), and isopropyl-␤-dthio-galactopyranosid (0.5 mm) were added as required (Sambrook et al., 1989) . excision using the ExAssist/SOLR system (Stratagene, La Jolla, CA), the cDNA libraries were further used for complementation experiments. E. coli strain JM101 was used as a host for screening and complementation experiments with plasmids pACCAR25⌬crtB and pACCRT-E. Plasmid pACCAR25⌬crtB harbors the carotenoid biosynthesis genes crtE, crtI, crtY, crtZ, and crtX from Erwinia uredovora (Misawa et al., 1990) . Plasmid pACCRT-E carries the crtE gene from E. uredovora and resulted in the accumulation of geranylgeranyl diphosphate (Misawa et al., 1995) . The screening for phytoene synthase was carried out by the heterologous complementation procedure reported previously using pACCAR25⌬crtB as complementation plasmid (Linden et al., 1993 ). The nucleotide sequences of H. pluvialis phytoene synthase cDNAs were determined for both strands using the Abi Prism Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer Applied Biosystems, Foster City, CA). The analysis of nucleotide and derived amino acid sequences was carried out using the PCGENE program (Intelligenetics, Oxford Molecular Group, Oxford).
Northern-Blot Analysis
After 4 d of growth, the H. pluvialis cells were collected by centrifugation either directly or after varying induction times of astaxanthin biosynthesis. The cells were frozen and subsequently powdered under liquid nitrogen using a mortar and pestle. RNA was then isolated according to the miniprep RNA extraction procedure described by Sokolowsky et al. (1990) . For northern-blot analysis, total RNA (10 g) was denatured in formaldehyde, electrophoresed on a 1% (w/v) agarose gel containing 6% (v/v) formaldehyde, transferred to positively charged nylon membrane (Boehringer Mannheim/Roche, Basel), and hybridized in the presence of 50% (v/v) formamide. Probe labeling and hybridization were carried out according to the instructions in the DIG Nonradioactive Nucleic Acid Labeling and Detection System (Boehringer Mannheim/Roche).
